1. Introduction {#sec1}
===============

Artificial insemination has been shown to be a successful reproductive management approach to improve livestock production efficiency. Artificial insemination facilitates the use of high-genetic-merit boars for inseminating a group of sows \[[@B1]\]. Therefore, boars with a high reproductive capacity can improve efficiency with significant genetic effects \[[@B2]\].

However, many risk factors can cause reproductive dysfunction in boars, such as harsh environments and mental stress and disease \[[@B3]--[@B6]\]. Cumulative evidence indicates that whole body oxidative stress (OS) is related to all these risk factors. The imbalance between oxidation and antioxidation and the elevation of reactive oxygen species (ROS) are believed to cause defective spermatogenesis and sperm dysfunction in sexually mature boars \[[@B7]\]. Approximately 25% of infertile men showed high levels of semen ROS, while fertile men did not \[[@B8]\]. In mammals, spermatozoal membranes have many polyunsaturated fatty acids (PUFAs) and are sensitive to ROS attack, which can damage membrane and morphological integrity, impair cellular functions, and promote sperm apoptosis and impaired sperm motility \[[@B7]\]. Additionally, most infertile men have been shown to suffer from acute or chronic inflammation of the genitourinary tract \[[@B9]\]. Cytokines and ROS may interact in mediating the toxic effects of inflammation \[[@B10]\]. Previous reports found a positive correlation between seminal ROS generation and seminal plasma proinflammatory cytokines, such as interleukin-8 (IL-8), interleukin-6 (IL-6), and tumor necrosis factor-*α* (TNF-*α*) \[[@B11]\]. A sustained inflammatory/oxidative environment can damage healthy cells, which may lead to infertility and cause economic losses. In light of these factors, a strategy to minimize oxidative stress and genital inflammation in boars is required.

In recent years, many antioxidant therapies have been used to enhance reproductive ability \[[@B12]--[@B14]\]. These compounds can directly and indirectly influence the concentration of ROS metabolism-regulating processes \[[@B15]--[@B17]\]. As nutritional supplements for animals, glutamate and aspartate were found to possess antioxidative activity. Dietary supplementation with 2% glutamate enhanced the antioxidant system and improved body weight in piglets after diquat challenge \[[@B18]\], suggesting it can ameliorate the damage caused by acute oxidative stress. Moreover, glutamate modulated the body weight \[[@B19]\], regulated the release of hormones \[[@B20]\] and lipid metabolism \[[@B21]\], and improved gastrointestinal absorption \[[@B22]\]. Dietary supplementation with aspartate at a dose of 0.5--1% restored the intestinal barrier, improved liver metabolism, and enhanced energy status in piglets challenged with lipopolysaccharide \[[@B23], [@B24]\]. These effects may be due to its contributions to the tricarboxylic acid cycle and the production of ATP \[[@B25]\]. Because glutamate and aspartate have beneficial health and antioxidative effects, they may protect boars suffering from acute oxidative stress. Thus, we evaluated the effects of glutamate and aspartate supplementation on the antioxidative enzymes and reproductive system of boars under conditions of acute oxidative stress. Hydrogen peroxide (H~2~O~2~) was introduced to establish the oxidative stress model \[[@B26]\].

2. Materials and Methods {#sec2}
========================

2.1. Experimental Design {#sec2.1}
------------------------

Sixteen large white boars (6 months old, 85 ± 3.2 kg BW) were housed in individual metabolic cages equipped with a nipple drinker and a feeder in the room, and the temperature was maintained at 25°C. All boars were fed a basal diet ([Table 1](#tab1){ref-type="table"}), which was formulated to meet the nutritional needs of 6-month-old boars according to NRC (1998), for 5 days. Then, they were divided into 4 groups to undergo different treatments: (1) nonchallenged control (CON, basal diet + 2% alanine, saline-challenged); (2) H~2~O~2~-challenged control (BD, basal diet + 2% alanine, H~2~O~2~-challenged); (3) H~2~O~2~ + 2% glutamate treatment (GLU, basal diet + 2% glutamate, H~2~O~2~-challenged); and (4) H~2~O~2~ + 2% aspartate treatment (ASP, basal diet + 2% aspartate, H~2~O~2~-challenged). Three diets were prepared to be isonitrogenous by introducing alanine into the basal diet. All groups were treated with a single intraperitoneal injection (i.p.) of 10% H~2~O~2~ (1 mL/kg body weight) on day 15, except for the CON group, which was injected with the same volume of 0.9% sodium chloride solution. The dosage of H~2~O~2~ used in this study was based on a previous study \[[@B26]\]. The amino acids (purity \> 99%) used in this study were purchased from Beijing Chemclin Biotech Co., Ltd. (Beijing, China). Other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).

2.2. Sample Collection {#sec2.2}
----------------------

All boars were anesthetized using sodium pentobarbital and then killed by jugular puncture on day 22. The blood, testis, and epididymis samples were collected. This study was performed in accordance with the Declaration of Helsinki and ratified by the Laboratory Animal Care Advisory Committee at the Institute of Subtropical Agriculture, the Chinese Academy of Sciences \[[@B27]\]. Blood was collected from the jugular vein of boars. Serum samples were prepared by centrifugation of blood samples at 2000 rpm (or 500 ×g) for 10 min at 4°C and then stored at −80°C until use. The testis and epididymis were weighed after slaughter, and the organ coefficient was calculated as follows \[[@B28]\]: organ coefficient (%) = organ weight/body weight of boar × 100%. A small portion of the testis and epididymis was immediately frozen in liquid nitrogen and maintained at −80°C for subsequent analyses of gene expression.

2.3. Measurements of Specific Enzymes and Hormones in Serum {#sec2.3}
-----------------------------------------------------------

The serum concentrations of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) were analyzed to determine the serum antioxidant capacity. They were measured using kits from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China) \[[@B29]\]. Kits from Beijing North Institute of Biological Technology (Beijing, China) were used to determine the serum concentrations of reproductive hormones, such as follicle-stimulating hormone (FSH), luteinizing hormone (LH), and testosterone (T2) \[[@B30]\].

2.4. RNA Extraction and cDNA Synthesis {#sec2.4}
--------------------------------------

Total mRNA from liquid nitrogen-pulverized testis and epididymis was extracted using TRIzol reagent (Invitrogen, USA) according to the manufacturer\'s recommendation \[[@B31]\]. RNA integrity was confirmed by agarose gel electrophoresis. The RNA concentrations were determined by measuring the absorbance at 260 nm in a spectrophotometer \[[@B32]\]. Reverse transcription was performed with a 2 mg RNA sample using PrimeScript*™* RT reagent kit (TaKaRa) according to the manufacturer\'s instructions. The cDNA was synthesized with a PrimeScript 1st-Strand cDNA Synthesis Kit (TaKaRa, Japan) \[[@B33]\].

2.5. Quantification of mRNA by Real-Time PCR Analysis {#sec2.5}
-----------------------------------------------------

Primers were designed with Primer 5.0 based on the cDNA sequence of boars to amplify target DNA ([Table 2](#tab2){ref-type="table"}). GADPH was used as a reference gene to normalize target gene transcript levels. Real-time PCR was conducted with a total volume of 25 *μ*L containing 12.5 *μ*L SYBR® Premix Ex Taq (Tli RNase H*Plus*), 2 *μ*L template (\<100 ng), and 1 *μ*L of each of the forward and reverse primers (10 *μ*M). The PCR protocol was 10 min at 95°C, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Amplification efficiency for each target gene was determined by plotting the threshold cycle (Ct) versus log (initial cDNA). The relative quantification of target gene expression was evaluated by 2^−ΔΔCT^ method \[[@B32]\].

2.6. Statistical Analysis {#sec2.6}
-------------------------

All statistical analyses were carried out using SigmaPlot 12 software. First, tests for normal distribution (Shapiro-Wilk test) and equal variance were performed. If both tests were positive, one-way analysis of variance was used followed by post hoc Tukey\'s test. Values with different letter are significantly different (*P* \< 0.05), while values with the same letter are not significantly different (*P* \> 0.05).

3. Results {#sec3}
==========

3.1. Organ Coefficient {#sec3.1}
----------------------

The final body weights and testis coefficients are shown in [Table 3](#tab3){ref-type="table"}. The H~2~O~2~ challenge did not affect the body weight of boars but increased the testis coefficient 7 days after the treatment compared with the CON group (*P* \< 0.05). However, diets with and without glutamate and aspartate supplementation had no significant impact on the testis coefficient (*P* \> 0.05).

3.2. Concentrations of MDA, SOD, and GSH-Px in Serum {#sec3.2}
----------------------------------------------------

[Figure 1](#fig1){ref-type="fig"} shows that the H~2~O~2~ administration disturbed the balance between oxidation and antioxidation in boars. The MDA concentration in serum significantly increased after H~2~O~2~ challenge compared with the CON group (*P* \< 0.05). Dietary aspartate significantly reduced the MDA level in serum compared with the BD group (*P* \< 0.05), and the value was similar to that of the CON group (*P* \> 0.05). Dietary glutamate slightly decreased the MDA level in serum, but the changes were not significant compared with the BD group (*P* \> 0.05).

Intraperitoneal injection with H~2~O~2~ did not affect the SOD level in serum, and dietary supplementation with glutamate and aspartate also had little influence on SOD concentration (*P* \> 0.05). The serum GSH-Px concentration in the BD group was significantly increased 7 days after H~2~O~2~ challenge compared with the CON group (*P* \< 0.05). Dietary supplementation with glutamate and aspartate had little effect on the GSH-Px level compared with the BD group (*P* \> 0.05).

3.3. Sex Hormones in Serum {#sec3.3}
--------------------------

The concentrations of FSH, LH, and T2 in boar serum were determined, and the results are shown in [Figure 2](#fig2){ref-type="fig"}. The H~2~O~2~ challenge had little impact on serum FSH, but supplementation with glutamate and aspartate significantly decreased the FSH level in serum compared with the CON group (*P* \< 0.05). In contrast to FSH, the LH concentration was significantly higher, and the T2 level was significantly lower in the BD group than that in the CON group (*P* \< 0.05). Dietary aspartate maintained serum LH at a stable level under oxidative stress, and its value showed no significant difference from that of the CON group (*P* \> 0.05). However, dietary supplementation with glutamate and aspartate significantly decreased the serum T2 level compared with the BD group (*P* \< 0.05).

3.4. Expression of Inflammatory Genes in Testis and Epididymis {#sec3.4}
--------------------------------------------------------------

The relative mRNA expressions of inflammatory factors (TGF-*β*1, IL-10, IL-6, IL-1*β*, and TNF-*α*) in boar testis and epididymis after H~2~O~2~ challenge were analyzed. The results ([Figure 3](#fig3){ref-type="fig"}) showed that inflammatory factors (IL-6, IL-1*β*, and TNF-*α*) were markedly upregulated in the testis after H~2~O~2~ challenge compared with the CON group. Dietary glutamate failed to decrease the IL-6 and TNF-*α* expressions in the testis and epididymis compared with the BD group, but it significantly upregulated TGF-*β*1 in the testis and both TGF-*β*1 and IL-10 in epididymis compared with the BD group (*P* \< 0.05). Dietary aspartate upregulated TGF-*β*1 expression in the testis and IL-10 expression in the epididymis compared with the BD group (*P* \< 0.05). Additionally, dietary aspartate decreased the IL-1*β* and TNF-*α* expressions in testis compared with the BD group (*P* \< 0.05).

4. Discussion {#sec4}
=============

ROS are products of normal cellular metabolism. However, once the balance between the generation of ROS and antioxidant scavenging activity is disturbed, oxidative stress occurs \[[@B34], [@B35]\]. Many studies have indicated that the most common ROS, such as H~2~O~2~, ROO^−^, and OH^−^, can lead to sperm damage and deformity and eventually male infertility \[[@B7]\]. Lipids are considered the most susceptible biomolecules and are abundant in the sperm plasma membrane and other cell membranes in the form of polyunsaturated fatty acids (PUFAs) \[[@B36]\]. ROS attack these PUFAs, leading to lipid peroxidation and elevated generation of MDA, which has been used to monitor the degree of peroxidative damage \[[@B36]\]. H~2~O~2~ is a highly reactive oxygen species. It can freely disperse into the mitochondria and lead to the generation of massive ROS levels. Peritoneal administration of 10% H~2~O~2~ (1 mL/kg body weight) resulted in oxidative stress \[[@B26]\]. Consistent with a previous study, the data from [Figure 1](#fig1){ref-type="fig"} show that H~2~O~2~ injection (BD group) increased the serum MDA concentration compared with the CON group, suggesting that H~2~O~2~ had successfully induced systemic oxidative stress in boars. Notably, dietary glutamate and aspartate were reported to significantly alleviate the oxidative stress of piglets seven days after H~2~O~2~ or diquat challenge \[[@B18], [@B26]\] and would possibly have a better effect with prolonged use. Thus, to protect against oxidative stress, we fed the boars 2% glutamate or 2% aspartate prior to the H~2~O~2~ challenge. All boars were slaughtered and sampled seven days after H~2~O~2~ challenge to determine whether glutamate and aspartate rapidly alleviated the oxidative stress in boars as they did in piglets \[[@B26]\].

To study the effects of glutamate and aspartate on boars under oxidative stress, we analyzed their impact on serum sex hormones, serum antioxidative enzymes, and genital inflammation. Hormones are signaling molecules. They can be transported to distant organs to regulate physiology and behavior via the circulatory system. The biosynthesis and secretion of hormones are regulated by other hormones, plasma concentrations of ions or nutrients, neurons and mental activity, and environmental changes \[[@B37]\]. Changes in hormone concentrations can also reflect the state of homeostasis \[[@B38]\]. Testosterone (T2) is a male sex hormone and is predominantly produced in the testis. It has an important role in sexual and reproductive development \[[@B39]\]. Fluctuations in T2 levels affect the sex drive, sperm production, and fat distribution \[[@B39], [@B40]\] and are associated with overall health in boars. A previous study revealed that testicular inflammation was related to a significant decrease in T2 production \[[@B41]\]. In this study, the H~2~O~2~ challenge decreased the serum T2 level in the BD group compared with that in the CON group, and administration of glutamate and aspartate failed to increase the T2 level. Combining the results of inflammatory gene analysis in testis, we found similar results indicating that H~2~O~2~ caused testicular inflammation along with downregulated T2 levels in serum. However, dietary glutamate and aspartate had little effect on testicular inflammation.

The course of normal spermatogenesis not only relies on the testicular secretion of T2 but also relies on the normal pituitary secretion of FSH and LH \[[@B42]\]. In males, FSH stimulates a number of downstream targets in Sertoli cells to affect spermatogenesis. Conversely, Sertoli cells are stimulated by FSH, which produces inhibin. This compound provides negative feedback to the anterior pituitary to decrease FSH secretion. LH stimulates Leydig cells to produce T2, which provides negative feedback to the anterior pituitary and hypothalamus \[[@B43]\]. In this study, a slight fluctuation in LH level was observed in the serum after H~2~O~2~ injection. However, it is difficult to determine the physiological significance of changes in these hormones because the mechanisms of FSH and LH regulation in boars under oxidative stress are still unclear. However, we analyzed the effect of glutamate or aspartate on preventing hormone disorders under oxidative stress by comparing the effects of different treatments on boar hormone concentrations. The results suggested that aspartate had positive effect on maintaining serum LH at a relatively stable level.

Glutamate administration can alleviate diquat-induced oxidative stress by enhancing SOD and T-AOC levels and inhibiting lipid oxidation and MDA generation \[[@B18]\]. Nevertheless, several studies suggested that glutamate accumulation in the brain increases oxidative stress \[[@B44]\]. Glutamate accumulation also has been reported to generate NO and stimulate cyclic guanosine monophosphate formation. Therefore, the relationship between glutamate and ROS appears to be complex \[[@B44]\]. Addition of aspartate was reported to prevent growth suppression of weaned pigs after LPS challenge \[[@B24]\]. However, our previous study found that administration of aspartate did not facilitate growth performance and showed little effect on relieving oxidative stress induced by diquat \[[@B18]\]. In this study, we found that aspartate was capable of reducing the MDA level in boar serum, while glutamate failed to alleviate H~2~O~2~-induced oxidative stress in boars. Boars in the BD group even had higher serum GSH-Px level than those in the GLU group. Whether these differences in their effects on oxidative stress are due to the distinct gender and age of the pigs requires further investigation.

Inflammatory factors are involved in oxidative stress \[[@B45]\]. Previous studies have shown that inflammation is a manifestation of increased oxidative stress \[[@B45]\]. Conversely, inflammatory cells also produce many mediators, such as metabolites of arachidonic acid, chemokines, and cytokines, which further recruit inflammatory cells to the site of injury and produce more ROS \[[@B45]\]. Under these circumstances, antioxidants in seminal plasma help prevent oxidative stress \[[@B46]\]. However, seminal plasma antioxidants cannot reach the testis, and the sperm must rely on epididymal/testicular antioxidants and their own intrinsic antioxidant capacity for protection during spermatogenesis and epididymal storage \[[@B47]\]. Glutamate and aspartate belong to the arginine family of amino acids, as well as proline, glutamine, asparagine, ornithine, citrulline, and arginine. They are interconvertible via complex interorgan metabolism in most mammals, including pigs. Both of these amino acids are predominantly absorbed in the small intestine \[[@B48]\]. However, the intestinal mucosa will preferentially use dietary glutamate rather than other amino acids \[[@B49]\]. Once glutamate and aspartate are absorbed by enterocytes, they are utilized as fuels or participate in the synthesis of other amino acids, such as alanine, arginine, and others, and then enter the systemic circulation \[[@B26]\]. Notably, arginine affects purine metabolism in testis tissues by activation of adenosine production, the salvage pathway, and ATP regeneration and shows protective effects on male metabolic and reproductive function \[[@B50]\]. Thus, dietary glutamate and aspartate are believed to be beneficial in enhancing testicular defense systems and reducing epididymal/testicular inflammation induced by oxidative stress.

To evaluate the effect of dietary glutamate and aspartate on genital inflammation in boars, we determined the mRNA expressions of TGF-*β*1, IL-10, IL-6, IL-1*β*, and TNF-*α* in boar testis and epididymis samples. TGF-*β*1 is a key regulator of male reproductive function \[[@B51]\]. The steroidogenesis of Leydig cells, the organization of peritubular myoid cells, and testis development and spermatogenesis are all modulated by testicular TGF-*β*1, and it is also involved in the tight balance between proliferative and apoptotic responses in the Leydig cells \[[@B51]\]. Another anti-inflammatory cytokine, IL-10, plays a role in upregulating monocyte production of soluble TNF-*α* and the IL-1*β* receptor antagonist \[[@B52]\]. It protects endothelial function after an acute inflammatory stimulus by limiting local increases in superoxide anion \[[@B53]\]. In this study, dietary supplementation with glutamate and aspartate caused varying degrees of upregulation of TGF-*β*1 and IL-10 mRNA expression in the testis and epididymis. These findings suggested that glutamate and aspartate protect boar testis and epididymis from inflammation by increasing TGF-*β*1 and IL-10 levels. However, the organ coefficient results also showed that there was a slight swelling in boar testis after H~2~O~2~ challenge, suggesting that the testes were suffering from chronic inflammation. Even when boars were fed glutamate or aspartate, the swelling was not being relieved. The testicular inflammation indicated that the production and release of large amounts of ROS can trigger the immune responses and stimulate the secretion of numerous biological substances (such as leukocytes), which resulted in increased inflammation \[[@B9]\]. Because the antioxidant capacity of the testis and epididymis is very important in preventing oxidative stress-induced damage \[[@B7]\], the amount and activity of major antioxidant enzymes, especially SOD, catalase, and glutathione/glutathione peroxidase (GSH-Px), in the testis and epididymis are of great importance. Whether the testicular inflammation we found in this study was caused by the failure to elevate antioxidant enzyme activities in testis requires further research.

In conclusion, this study showed that dietary supplementation with glutamate and aspartate had little effect on increasing SOD and GSH-Px concentrations. They also failed to maintain FSH and T2 at a stable level in serum. Both glutamate and aspartate were unable to decrease the mRNA expressions of inflammatory factors (IL-1*β*, IL-10, and TNF-*α*) in testis and epididymis after H~2~O~2~ challenge. However, glutamate and aspartate promoted the genital mRNA expressions of anti-inflammatory factors (TGF-*β*1 and IL-10) after oxidative stress. Aspartate was more effective than glutamate in decreasing MDA levels and preventing the fluctuations of LH in boar serum.
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###### 

The composition of basal diet.

  Items                       Basal diet
  --------------------------- ------------
  Ingredient (%)              
  Corn                        64
  Soybean meal                22
  Wheat bran                  6
  Fish meal                   4
  Premix^*∗*^                 4
                              
  Composition                 
  Crude protein (%)           13.80
  Metabolism energy (MJ/kg)   13.25
  Calcium (%)                 0.85
  Phosphorus (%)              0.72

^*∗*^Composition: vitamin A, 400000 U; vitamin D, 380000 U; vitamin E, 1200 U; vitamin K, 360 mg/kg; vitamin B~1~, 145 mg/kg; vitamin B~2~, 135 mg/kg; vitamin B~6~, 85 mg/kg; vitamin B~12~, 0.58 mg/kg; niacin, 600 mg/kg; calcium pantothenate, 350 mg/kg; folate, 90 mg/kg; biotin, 12 mg/kg; choline chloride, 15 g; copper, 0.4 g; iron, 3.3 g; manganese, 0.5 g; cobalt, 10 mg; iodine, 10 mg; and selenium, 8 mg.

###### 

Primers used in this study.

  ---------------------------------------------------------------------------
  Gene^1^    Accession number   Primer squence (5′-3′)       Size (bp)
  ---------- ------------------ ---------------------------- ----------------
  IL-6       NM_001252429.1     F: CCTCTCCGGACAAAACTGAA\     118 \[[@B54]\]
                                R: TCTGCCAGTACCTCCTTGCT      

                                                             

  IL-10      NM_214041.1        F: CTGCCTCCCACTTTCTCTTG\     95 \[[@B55]\]
                                R: TCAAAGGGGCTCCCTAGTTT      

                                                             

  IL-1*β*    NM_214055.1        F: AGTGGAGAAGCCGATGAAGA\     113
                                R: CATTGCACGTTTCAAGGATG      

                                                             

  TGF-*β*1   NM_214015.1        F: TTT CGC CTC AGT GCC CA\   78 \[[@B54]\]
                                R: GCCAGAATTGAACCCGTTAA      

                                                             

  TNF-*α*    NM_214022.1        F: CCACGCTCTTCTGCCTACTGC\    168 \[[@B56]\]
                                R: GCTGTCCCTCGGCTTTGAC       

                                                             

  GAPDH      NM_001206359.1     F: AAGGAGTAAGAGCCCCTGGA\     140 \[[@B57]\]
                                R: TCTGGGATGGAAACTGGAA       
  ---------------------------------------------------------------------------

^1^IL-6: interleukin-6; IL-10: interleukin-10; IL-1*β*: interleukin-1*β*; TGF-*β*1: transforming growth factor-*β*1; TNF-*α*: tumor necrosis factor-*α*; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

###### 

Final body weight, testis weight, and testis coefficient after H~2~O~2~ challenge.

                      CON                 BD                  GLU                 ASP
  ------------------- ------------------- ------------------- ------------------- -------------------
  Final BW (kg)       82.67 ± 2.52        87.67 ± 1.53        87.67 ± 6.35        81.00 ± 2.00
  TW (g)              137.07 ± 15.86^b^   343.23 ± 38.06^a^   375.40 ± 60.51^a^   321.13 ± 70.67^a^
  T coefficient (%)   0.17 ± 0.02^b^      0.39 ± 0.05^a^      0.43 ± 0.04^a^      0.40 ± 0.09^a^

BW = body weight; TW = testis weight; and T coefficient = testis coefficients.

Values are means (*n* = 4), with their standard deviation represented by mean ± STD. ^a,b^Mean values with different letters were significantly different (*P* \< 0.05).

[^1]: Academic Editor: Michael Conlon
